THE USE OF ERP TECHNIQUES TO STUDY BRAIN-BEHAVIOR RELATIONS
The event-related potential (ERP) is a synchronized portion of the ongoing electroencephalogram pattern that is time-locked to the onset of some event in the infant's environment (Rockstroh, Elbert, Birbaumer, & Lutzenberger, 1982) . The ERP is characterized by a complex waveform that varies in amplitude and frequency over time and is thought to reflect ongoing brain processing. Fluctuations in the amplitude or latency of various positive or negative peaks within the ERP occur at different points throughout its time course (Callaway, Tueting, & Koslow, 1978) . Research over the past 70 years has demonstrated that the ERP, because of this time-locked feature, can be used to effectively study both general and specific aspects of the organism's response to its external and internal environments in addition to an individual's perceptions and decisions (Molfese, 1983; Nelson & Salapatek, 1986; Ruchkin, Sutton, Munson, Silver, & Macar, 1981) . Given that the ERP technique does not require a planned and overt response from individuals from which it is recorded, it is particularly well-suited for the neuropsychological study of the infant's and the child's early language development (Molfese, Freeman, & Palermo, 1975) . One major advantage of the ERP is that it provides very fine temporal information (down to 1 msec or less) regarding the brain's response to language input. In addition, it does have some gross-level spatial resolution capabilities that permit speculation concerning the distribution of brain mechanisms that subserve functions such as language.
PHONETIC DISCRIMINATIONS AND ERPS
Building on a base of behavioral research (Liberman, Cooper, Shankweiler, & Studdert-Kennedy, 1967) , studies by Molfese and colleagues of voice onset time (VOT) and place of articulation (POA) have covered the developmental period extending from infancy into childhood and adulthood (for a review see Molfese & Betz, 1988) . In general, these results suggest that the infant's ability to discriminate speech sounds is present at birth for some speech cues whereas the infant's ability to discriminate other speech cues arises later in development. Thus, some of the infant's perception of speech cues such as VOT follow different developmental progressions and emerge after 2 to 3 months of age whereas their perception of other cues such as POA is present at birth. POA has been investigated in a number of studies with infants and adults (Molfese & Betz, 1988) . As in the case of the VOT temporal cue, these studies of the POA cue identified both lateralized and bilateral hemisphere responses that discriminated between different consonant sounds.
MULTIVARIATE APPROACHES TO LANGUAGE PREDICTION USING ERPS TO PREDICT LATER DEVELOPMENT
Given that infants discriminate speech sounds at birth, are there any implications of such abilities for later language development? In fact, one recent development trend in the study of ERP correlates of language acquisition is the use of ERPs to predict later language development (Molfese & Molfese, 1985 , 1997 . Such studies have recorded ERPs to speech sounds in very young infants and then used these brain responses to predict factors such as later vocabulary size. These results have been used to argue that neonatal auditory discrimination abilities as measured by ERPs are an important factor for later language development. Newborn infants who could discriminate between consonant sounds alone and consonant sounds in combination with different vowel sounds performed better on language tasks at age 3 years. Such a pattern of responding suggests that more linguistically advanced children are already at an advantage at birth because their nervous systems can make finer discriminations along a variety of different dimensions. As Molfese (1989) suggested, "Perhaps the earlier an infant can discriminate between speech sounds in its environment, the more likely that the infant will be able to use such information to discriminate word sound differences" (p. 55). Such early discrimination abilities may later play a major role in the infant and young child's vocabulary, syntax, and perhaps even reading development. Molfese and Molfese (1985) noted that analyses of the ERPs elicited by speech sounds indicated that electrophysiological measures recorded at birth could identify children who performed better or worse on language tasks 3 years later. Two particularly important components in the brain waves were identified. One component of the auditory ERP that occurred between 88 and 240 msec reliably discriminated between children whose McCarthy Verbal Index scores (McCarthy, 1972) were above 50 (the High group) and those with lower scores (the Low group). Only ERPs recorded over the left hemisphere of the High group systematically discriminated between the different consonant speech sounds. The right hemisphere responses of this group, on the other hand, discriminated between the different nonspeech stimuli. The Low group displayed no such lateralized discrimination for either the speech or the nonspeech sounds. A second component of the ERP with a late peak latency of 664 msec also discriminated between the High and Low groups. Unlike the earlier component, however, the second component occurred over both hemispheres and, consequently, reflected bilateral activity. This second component differed in other ways from the first component. Whereas the second component discriminated between speech and nonspeech sounds, this discrimination depended on which vowel followed the consonant. Subsequent replications have reported similar findings (Molfese, 1989 (Molfese, , 1992 Molfese & Searock, 1986) with different populations of children. Furthermore, Molfese and Molfese (1997) reported that the ability to predict later language skills from newborn ERPs continued through 5 years of age.
This relation holds through 8 years of age for both predicting verbal skills as well as reading skills. When the neonatally obtained ERPs recorded from these children were used to predict verbal skills using the verbal subscale of the Wechsler Intelligence Scale for Children (3rd ed.; M = 107.2, SD =11.7, range = 78-137) to measure vocabulary, verbal comprehension, similarities, digit span, and information in these children, two discriminant functions classified these children with 77% accuracy (Wilks's λ = .499), χ 2 (16) = 67.08, p < .00001, and (Wilks's λ = .748), χ 2 (7) = 28.003, p < .0002. Twelve of 14 children (86%) were correctly classified as members of the Low group, 55 of 76 children (72%) were correctly classified as Average, with 11 (15%) misclassified to the Low group and 10 (13%) to the High group, and 12 of 13 children were correctly classified as belonging to the High group (92%).
Furthermore, developmentally, the pattern of change in the ERP waveform also was found to be related to verbal intellectual skills at age 8. Hierarchical growth curve models of change in the waveform latency of three peaks (N 2 , P 3, and N 4 ) from ages 1 through 8 years predicted verbal intellectual (the Verbal Comprehension IQ Factor Score) skills measured at age 8. Verbal intellectual skills were parsed into Low (≤ 95) and High groups (> 95). For the left hemisphere, the expected latency of N 2 in the Low children was 25 msec longer than that of the High children at age 8. The linear rate of decline in N 2 latency across age was significantly slower in the Low group. In High children, the peak latency for N 2 declined an average of 12.6 msec per year, whereas the rate of change was -7.7 msec per year in the Low group. Parallel results were found for P 3 latencies in the left hemisphere. There were no significant group differences in the developmental trajectory of N 4 latency. In the right hemisphere, none of the peak latencies predicted verbal intellectual skills at age 8. These findings represent a simple, but exciting, beginning in investigating the manner by which changes in brain function are related to neuropsychological skill development. They also raise the possibility that interventions, initiated early in development based on such early identification of potential language problems, may lead to the elimination of verbal problems later in life.
